Introduction
CYCLIC guanosine 3', 5'-monophosphate (cGMP) was the second of the cyclic nucleotide "second messengers" discovered [1-3] and 35 years later, its role in many cells remains unclear. It has been suggested that the rate of cGMP turnover is one means by which this nucleotide signals [4] , but most studies suggest cells monitor intracellular cGMP concentrations, which are regulated by guanylyl cyclases (GCs), cyclic nucleotide phosphodiesterases (PDEs), and potentially by cGMP import or export.
The GCs have been studied in many vertebrates and invertebrates and appear to fall into one of three broad classes, those that contain no apparent transmembrane segment, those that contain one transmembrane segment, and those that contain multiple transmembrane segments. Members of the no transmembrane and the single transmembrane class are also receptors for extracellular-derived signals, and most of this review will concentrate on these two classes.
PDEs comprise a large family of isozymes, many of which hydrolyze both cGMP and cAMP. Eleven PDE families have been described in mammals and three families (PDES, 6, and 9) specifically hydrolyze cGMP. PDE5 is expressed in vascular smooth muscle cells (SMCs) and participates in regulation of vascular tone, while PDE6, specifically expressed in photoreceptor cells, plays an important role in phototransduction.
PDE9 is widely distributed in the human but its physiological significance remains unclear [5] .
There are few studies on the import or export of cGMP [6] [7] [8] [9] [10] [11] [12] [13] , and there is no substantial evidence of physiologically relevant regulation of cGMP concentrations through export mechanisms.
The molecular and cellular consequences of acute changes in intracellular cGMP are mediated by at least three distinct classes of downstream cGMP receptor proteins ( Fig. 1 ): cGMP-dependent protein kinases (cGKI and cGKII), cGMP-regulated PDEs (PDE2 and 3), and cGMP-gated ion channels [14, 15] . In sea urchin eggs, cGMP also appears to 
II. Guanylyl Cyclase Family
The guanylyl cyclase (GC) family consists of single (pGC), or multiple (mpGC) transmembrane segment forms, often referred to as the plasma membrane or particulate forms, and isozymes that contain no (sGC) apparent transmembrane segments, often referred to as the cytosolic or soluble forms.
There are at least seven mammalian forms of pGC, GC-A through -G, where although all have been suggested as receptors, endogenous ligands have been identified for only three, GC-A, -B, and -C (Table 1) [
17-19]. GC-A or natriuretic peptide receptor-A (NPR-A) is the receptor for atrial and brain natriuretic peptides (ANP and BNP) and GC-B (NPR-B)
is the receptor for C-type natriuretic peptide (CNP) [20, 21] . A third cell surface natriuretic peptide receptor, NPR-C, does not possess guanylyl cyclase activity but is a member of the family by virtue of high amino acid sequence identity with GC-A or GC-B within the extracellular ligand-binding domain [22, 23] . It has been suggested that it is responsibl for the removal (clearance) of extracellular natriure tic peptides [24] , and it appears to be the mos abundant natriuretic peptide receptor in most tissue [25, 26] . NPR-C also has been suggested to coupl to Gi.1 and Gi_2 heterotrimeric G proteins and act as signaling receptor [27] . GC-C was isolated as th receptor for heat-stable enterotoxin (STa), a peptid of enteric bacteria [19] . Guanylin, uroguanylin, any lymphoguanylin, small peptides with sequence iden tity and structural homology to STa, present in th intestine and other tissues have been suggested as th normal endogenous ligands for GC-C [28] [29] [30] .
The pGCs contain a highly conserved domaii structure, that includes a ligand-binding extracellula domain (ECD), a single transmembrane segment, stretch of amino acids with homology to the catalytic domain of protein kinases (KHD), and a cyclase catalytic domain (Fig. 2) . Conserved cysteim residues are predicted to form intrachain disulfide bridges within the ECDs of GC-A through -G although identification of the Cys bridges has beer accomplished only for NPR-C and GC-A [31-34] These bridges likely stabilize the secondary structure of the ECD and appear required for homodime: formation.
N-glycosylation, essential for grope: . ANP-induced NaCI excretion is attenuated in rats fed a low-salt diet (< 0.008%) and this attenuation is reversed by salt repletion [42] . Whether Cl-actually plays a role in the normal regulation of GC-A remains unclear, but that it binds to the ECD and that the pGC ECD fold appears similar to that of bacterial periplasmic binding proteins lead to speculation that the pGCs initially recognized amino acids, ions or other small molecules. Thus, the orphan receptors may have nonpeptide ligands. The primary amino acid sequence of the pGCs and NPR-C shows that ECDs of sensory organ pGCs (GC-D, -E, and -F) share significant identity (30 -40%) , while that of the GC-G ECD has similar degree of identity with GC-A, GC-B or NPR-C (30 ^-40%) (Fig . 3) [43]. However, no natriuretic peptide binding to GC-G has been detected [43] . The KHD has substantial amino acid sequence identity (around 30%) to the catalytic domain of protein kinases, particularly the protein tyrosine kinases [18] . Since an invariant Asp in the subdomain VIB of the protein kinase catalytic domain is substituted with another amino acid in the KHDs, pGCs may be devoid of intrinsic protein kinase activity [18] , and indeed, none has been reported. The KHD has been proposed to function as an inhibitory regulator of the cyclase domain since deletion of the KHD from GC-A and GC-B renders them constitutively active [44] . GC-A and GC-B KHDs contain motifs GxGxxxG and LxGxxxG that resemble the GxGxxG ATP-binding motif of protein kinases (catalytic subdomain I) [45] . Consistent with the presence of this sequence, maximal in vitro stimulation of GC-A by ANP requires the presence of ATP [44] . The stimulation of GC-A and GC-B by ANP, CNP, and ATP is lost when these motifs are destroyed by point mutations [45] . ATP binding to the pGCs has not been directly demonstrated, but that it occurs is strongly supported by the observation that ATP is still required when purified GC-A is used [46] .
The cyclase catalytic domain of GCs contains a large number of invariant amino acids and substitutions at these positions can have dramatic effects on catalytic activity. For example, a D893A mutation is devoid of activity whereas an E974A mutation is hyperactive [47, 48] . Furthermore, substitution of invariant amino acids that are responsible for nucleotide specificity with invariant residues from the adenylyl cyclase catalytic domain in a GC can convert the GC to an adenylyl cyclase [49, 501.
Two other potential subdomains have been defined in pGCs, the hinge region and the C-terminal tail (Fig. 2) . The hinge region is a putative, amphipathic a-helical region connecting the KHD and cyclase domains, and has been suggested to function in the dimerization of pGCs [18] . GC-C, -D, -E, and -F have extended C-terminal "tails" compared with other pGCs. GC-C, having the longest tail, associates with the cytoskeleton through this subdomain [51] , and deletion of the C-terminal tail (after Q1012) from pig GC-C causes a loss of STa-induced GC activity when expressed in Human embryonic kidney (HEK)-293 cells transformed with SV401arge T antigen (293T cells) [52] , suggesting that the C-terminal tail of GC-C plays an important role in GC-C activation.
Soluble GCs possess two subunits, a and j3 [53] , and two isoforms have been identified for each of the a and j3 subunits, a1 (82 kDa), a2 (82 kDa), i91 (70 kDa), and P2 (76 kDa). Both the a19 1 and a2p1 heterodimers have been detected in vivo (Table 2) [53-56]. In the human, two subunits named a3 and R3 are actually the orthologs of rat a1 and j31 [57] .
The heterodimeric GCs contain a heme-binding domain within the N-terminus and a cyclase domain near the C-terminus (Fig. 2) . One heme molecule is bound per dimeric heme-binding subunit and serves as the NO-binding site [53] . The cyclase domain and the region between the heme-binding and cyclase domains show significant amino acid sequence identity among isoforms (30^-80%), whereas the hemebinding domain is divergent between isoforms of the same subunit with a stretch of approximately 100 amino acids showing significant identity (40^50%) [53] . The region between the heme-binding and cyclase domains of sGC isoforms, corresponding to the pGC hinge region, is also amphipathic and a-helical, and this region could function as a dimerization domain.
Heterodimer formation is essential for sGC isoform activity since activity is detected only when both a and j3 subunits are expressed simultaneously, at least in the rat and cow [58] ; this is in clear contrast to homodimer formation of the pGCs [18] . However, there are possible exceptions to this rule; GC-A can form dimers with GC-B in cells over-expressing both GC-A and GC-B, and a novel isoform of the sGC R subunit isolated from the insect Manduca Sexta contains enzymatic activity when expressed alone [59, 60] .
The expression of mammalian GCs in various tissues has been studied in humans, monkeys, rats, and mice (Table 1 , 2). GC-A and GC-B are expressed widely but not equally throughout the body [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . GC-A is most abundant in the cardiovascular system (kidney, heart, and aorta) [61] [62] [63] 65 ] whereas GC-B expression is particularly high (greater than GC-A) in the cerebellum, pituitary gland, pineal gland, and growth plate of bone [61, [72] [73] [74] .
Expression of the other pGCs is detectable in a limited number of tissues. GC-C is found mostly in the intestine and colon [36, 66] . A partial cDNA that encodes a cyclase domain of GC sharing -'94% identity with human and rat GC-Cs was isolated from cultured opossum kidney (OK) cells; the protein was named OK-GC and suggested to be an opossum ortholog of GC-C. In North American opossums, OK-GC mRNA has been detected in the duodenum, cerebellum, kidney, spleen, and testis by Northern blot analysis and RT-PCR [77] . OK-GC expressed in COS-1 or HEK-293 cells generates cGMP when stimulated by guanylin/uroguanylin/STa and the deduced amino acid sequence of the extracellular ligand-binding domain shows that OK-GC shares only 55.4^'58.6% identity with rat, human, and porcine GC-Cs, raising the possibility that it is a novel GC-coupled guanylin/uroguanylin/STa receptor [78] . Recently, GC-C mRNA also has been detected in all segments of the rat nephron by RT-PCR [79] . GC-C mRNA is also detected in the regenerating liver [80] , and in metastatic tumors of colon cancer [81] .
GC-D is expressed in a limited number of sensory neurons of the olfactory neuroepithelium [82] , GC-E and GC-F in the outer-segment of photoreceptor cells in the retina [83] , and GC-G in the lung, skeletal muscle, jejunum, and kidney [43] .
Soluble GCa1 and R1 isoforms are expressed almost ubiquitously (Table 2 ) [84] [85] [86] [87] [88] [89] [90] . A1pha2 isoform expression is detected in various but more limited tissues than al and ~1 isoforms ( The chromosomal localization of the human genes has been determined for all of the GCs. As shown in Table 1 , pGC genes are located on separate chromosomes [43, [95] [96] [97] [98] . The genes for sGC al and i91 isoforms, the most common sGC isoforms, are lo- cated on the same chromosome in mice and humans, with the other isoform genes (a2 and j32) located on separate chromosomes (Table 2 ) [99] [100] [101] . In medaka fish (Oryzias latipes), the al and X31 genes are organized in tandem with a 34-kb span between them; their transcription is regulated in a coordinated manner [102] . In mice, the distance between the al and pl genes is up to 2% of the chromosome length and their transcription seems to be regulated by different promoters [103] . In humans, however, both al and ~l genes are assigned to 4g31.1-33 [99] . Rat al and ~3l loci are located on chromosome 2, closely linked to Nat, K+-ATPase al isoform and calmodulin-dependent protein kinase II o loci, which have been reported to flank a quantitative trait locus for blood pressure in Dahl rats [104] . The rat sGC /2 locus is located on chromosome 5 and co-segregates with the systolic blood pressure in Dahl rats [104] Among mammalian pGCs, the entire GC-A, -B, and -E gene structures have been determined along with the structure of the NPR-C gene ( Fig. 4A-D) [23, 98, [105] [106] [107] [108] .
The rat GC-A gene spans approximately 17.5 kb and includes 22 exons and 21 introns.
Each functional domain is encoded by a group of exons; the ECD, the transmembrane [105] . The genomic structure is conserved not only in human GC-A [106] but also in human GC-B (Fig. 4B ) [107] . In the human GC-B gene, a GT microsatellite repeat polymorphism exists within the second intron (Fig. 4B) , and the (GT)11 allele significantly associates with essential hypertension [107] . In the region encoding the ECD, exon-intron organization of the bovine NPR-C gene is almost identical to that of the GC-A and GC-B genes except for greater intron length ( Fig. 4C) [23]. In murine and bovine GC-E genes, differently from the NPR genes (GC-A, GC-B, and NPR-C), an intron exists in the 5'-noncoding region and three and one introns are missing from regions encoding the ECD and the KHD, respectively [98, 108] . The overall structure of the bovine GC-E gene, however, is similar to those of the GC-A and GC-B genes ( Fig. 4D ) [108] . Three sensory organ pGCs (GC-D, -E, and -F) share identical exon-intron boundaries within the region encoding the ECD [98] . There is limited sequence information on the murine GC-G gene, but at least some intron positions have been determined and are the same as those of the NPR genes [43] . The genomic organization of the sGC al and i31 isoforms is reported for mice [103] . The al isoform gene is of at least 26.4 kb and consists of nine exons and eight introns ( Fig. 4E) , and the 01 isoform gene encompasses 22 kb and contains 14 exons and 13 introns (Fig. 4F) . Their genomic structures are quite different from those of pGCs. Comparisons of amino acid sequences and genomic structures among pGCs suggest that pGC genes of two subtypes, NPRs and sensory organ pGCs, are derived from separate ancestor genes and that GC-G and NPRs may share the same ancestor gene. Soluble GCs appear not to share the ancestor with pGC genes. The promoter region has been sequenced for the GC-A, -B, -C, -E, and -F genes [105, [107] [108] [109] , GenBank accession number GI4493578]. These genes have no typical TATA boxes. The bovine NPR-C gene, however, contains a TATA box in the promoter region (Fig. 4C) , and although the murine NPR-C gene also contains a TATA box, it is not essential for gene transcription [110] . In the proximal promoter region of the rat GC-A gene, three Sp 1-binding sites are found (Fig. 4A) [105] . They appear essential for basal transcription of the GC-A gene [111] . It has been suggested that a cGMP-inhibitory element exists in the distal promoter region (Fig. 4A ) and is responsible for ANP-induced GC-A gene repression (see below) [112] . The human GC-C gene promoter contains a binding site for hepatocyte nuclear factor (HNF)-4 (5'-GTTTCAAGT-3', complementary to the consensus), and HNF-4 is a key regulator of intestinal GC-C expression [109] . HNF-4 is a member of the steroid hormone receptor superfamily and has been shown to play an important role in liver-and intestine-specific gene expression [113, 114] . HNF-4 appears to play an important role in the GC-C gene expression in the intestine and liver. Promoter regions of sGC isoform genes have not been well characterized, and no cis-regulatory elements have been reported.
IV.
Regulation of GC Activities A. Regulation of Gene Expression 1. GC-A and GC-B Regulation of pGC gene expression has not been precisely elucidated, although some reports indicate that natriuretic peptides and growth factors attenuate expression of GC-A and GC-B (down-regulation) in isolated cell lines (Fig. 5, 6 ). In cultured embryonic rat aortic SMCs and kidney inner medullary collecting duct cells, pre-treatment with ANP attenuates GC-A gene expression in a time-and dose-dependent manner through a cGMP-dependent mechanism [112, 115] . Conversely, in mice lacking a functional ANP gene, GC-A expression significantly increases compared with wild-type mice, possibly due to the loss of ANP-dependent suppression of GC-A expression [116] . GC-A gene repression by ANP consists of a negative feedback mechanism for the ANP/GC-A signaling. In cultured rat aortic SMCs, transforming growth factor (TGF)-j3 attenuates expression of GC-A and GC-B [117] . This may serve as a prototype for mechanisms enabling other sig-naling pathways to adjust signaling through GC-A and GC-B.
Signaling through GC-A and GC-B may be indirectly modulated by the expression level of NPR-C. The number of cell surface NPR-C molecules modulates the clearance rate of natriuretic peptides [24] , and changes in NPR-C expression, therefore, could raise or lower apparent extracellular concentrations of ANP, BNP, or CNP within the environment of the plasma membrane, thereby enhancing or attenuating GC-A or GC-B signaling. Stimulation of the P2-adrenoceptor causes a decrease in NPR-C expression levels through a cAMP signaling pathway, attenuating the clearance of exogenously added ANP and augmenting ANP-induced cGMP generation in cultured rat vascular SMCs [118] . The physiological significance of this phenomenon has not been elucidated, but NPR-C down-regulation by (32-stimulation could function as a positive feedback mechanism for (32-adrenergic signaling.
Since it has been reported that NPR-C stimulation activates G; and inhibits adenylyl cyclase activity [119] , and since NPR-C down-regulation by the CNP/GC-B system also has been reported [120] , cAMP signaling could Agents that induce hypertrophy may increase ANP or BNP secretion rates often only after some hours. IL-I, interleukin-1; TNF-a, tumor necrosis factor-a; PDGF, plateletderived growth factor; PKC, protein kinase C; TGF-p, transforming growth factor-(3; bFGF, basic fibroblast growth factor; EC, endothelial cell; SMC, smooth muscle cell. a)TGF-(3 causes down-regulation of GC-B expression. b)They cause desensitization of GC-B to CNP. It should be noted here that induction of CNP secretion and down-regulation of GC-B expression require at least several hours, while GC-B desensitization occurs within a couple of minutes. GC-B activation by CNP also occurs within a minute. be augmented by repression or desensitization of the NPR-C receptor.
Multiple Transmembrane Segment Forms of
Guanylyl Cyclase There are no reports describing the mechanisms of regulation of the mpGCs. That their primary structure resembles that of the adenylyl cyclases raises the question of whether an intermediate G-protein will be involved.
No Transmembrane Segment Forms of Guanylyl
Cyclase In cultured rat vascular SMCs, NO reportedly decreases sGC a1 isoform expression, which may be mediated by a cGMP-inhibited cAMP-PDE (PDE3) and cAMP-dependent protein kinase (PKA) [121, 122] . NO and nerve growth factor have been reported to decrease sGC al and P1 isoform mRNA levels in cultured rat pulmonary artery SMCs and rat pheochromocytoma PC 12 cells, respectively [123, 124] . These observations indicate that a negative feedback mechanism and regulation by other signaling pathways exist for the NO/sGC system.
B. Post-translational
Modifications of Guanylyl Cycl ases
GC-A and GC-B
Receptor desensitization through dephosphorylation has been proposed for both GC-A and GC-B. In NIH-3T3 fibroblasts and HEK-293 cells over expressing GC-A (3T3/GC-A and 293/GC-A cells), incubation with high concentrations (ttM) of ANP attenuates subsequent ANP-induced cGMP generation without decreasing GC-A expression [125] . Ligandinduced desensitization of either GC-A or GC-B is tightly associated with the dephosphorylation of specific phosphoserine residues in the KHD (Fig. 2) [125, 126] .
Heterologous desensitization of GC-A and GC-B in various cells has been reported as well. Angiotensin II (All), arginine vasopressin, and endothelins (ET-1, 2, 3) can attenuate ANP-induced cGMP generation in rat vascular SMCs, kidney glomerular mesangial cells, and adrenocortical carcinoma cells [127] [128] [129] (Fig. 5) . ET-1, 2, and -3 also can attenuate CNP-induced cGMP generation in murine astrocytes [130] . Since phorbol-l2-myristate-l3-acetate (PMA), a stimulator of protein kinase C (PKC), desensitizes both GC-A and GC-B, and All and ETs are known to stimulate PKC through their receptor signaling pathways, it has been concluded that the PKC pathway is involved in the heterologous desensitization of GC-A and GC-B [125, 131] . 2. GC-C GC-C may also undergo desensitization although specific mechanisms have not been clearly established. STa and uroguanylin, ligands for GC-C, cause attenuation of subsequent STa-induced cGMP generation in human colonic cell lines (T84 and Caco2 cells) [132, 133] . A significant portion of the refractoriness seems to be caused by desensitization of GC-C. Homologous desensitization of GC-C occurs in a membrane preparation of HEK-293 cells stably transfected with GC-C cDNA [133] , and after incubation of T84 cell membrane fractions with STa [132] . While the PKC pathway is able to desensitize GC-A and GC-B, STa-induced cGMP generation is augmented upon phosphorylation of the C-terminal tail of GC-C by PKC in T84 cells [134] . The phosphorylation site has been determined as 51029 in porcine GC-C, and the PKC activator-induced augmentation of GC-C activity is lost when a C-terminal tail-deleted mutant is expressed in 293T cells [52] . This suggests that phosphorylation on the C-terminal tail by PKC is important for GC-C activity.
No Single Transmembrane Segment Forms of
Guanylyl Cyclase Rapid desensitization of sGC is seen in rat cerebellar cells and human platelets [122, 135] . The desensitization occurs with a time constant of 6.9 sec at estimated 70 nM NO and becomes faster and greater as NO concentration increases [135] . The mechanism of this desensitization has not been elucidated, but a cellular factor appears essential to this phenomenon since sGC is not desensitized when broken cells are used [122] . Slower onset (within 15 min) desensitization is reported in cultured rat vascular SMCs and supposed to be caused by NO-oxidation of the heme moiety [122] .
C. Regulation of Guanylyl Cyclases by Associated Proteins
1. GC-A A yeast two-hybrid screen with GC-A KHD used as bait has identified a novel protein phosphatase, protein phosphatase 5 (PP5) [136] as a binding protein, however, binding of endogenous PP5 to GC-A was not detected either in vivo or in vitro. It has not been determined whether PP5 can regulate GC-A activity in vivo.
Recently, it has been reported that heat shock protein 90 (Hsp90) can bind to the GC-A KHD and regulate ANP-induced GC-A activation [137] . Mutations in a pGC (DAF-11) and the Hsp90 ortholog (DAF-21) cause a common deficit in specific chemosensory responses, which can be rescued by cGMP analog supplementation, in Caenorhabditis elegans [138] . These results indicate that cGMP has a very important role in C. elegans chemosensory transduction and suggest a role of Hsp90 in regulation of cGMP levels. This might be true in mammalian GC-A signaling. 2. GC-E and GC-F GC-activating proteins (GCAPs) have been identified as regulatory proteins that interact with GC-E and GC-F; they are Ca2+-binding proteins sharing significant homology with calmodulin [139] . Bleaching of rhodopsin by light results in activation of cGMPspecific phosphodiesterase (PDE6) mediated by transducin, the retina-specific heterotrimeric G protein, which decreases intracellular cGMP, then causing closure of the cGMP-gated Ca2+ channel and hyperpolarization.
In response to the resultant decrease in intracellular Ca2+, GCAPs activate GC-E and GC-F to increase cGMP levels and restore the dark state [139] . Three mammalian GCAPs have been isolated; GCAP-1, -2, and -3 [140] [141] [142] . GCAP-1 activates GC-E only, and GCAP-2 and GCAP-3 activate both GC-E and GC-F [142] . A GCAP-binding site has been identified within the cyclase domain of GC-E; the corresponding region of adenylyl cyclases interacts with G proteins [143] . It is also suggested that an intracellular region adjacent to the transmembrane domain plays an important role in GC-E activation by GCAP-1 [144] . It has been reported that low intracellular Ca2+ concentrations (< 100 nM) enhance GC-E dimerization with increase of the GC-E activity in a membrane preparation from the retina; ratio of cross-linked dimer to non-cross-linked monomer is increased upon the decrease of intracellular Ca2+ concentration in experiments using a cross linker [145] . The dimerization and activation of GC-E are abolished in a GCAPdepleted membrane preparation of the retina, and added recombinant constitutively active mutants of GCAP-1 and GCAP-2 cause dimerization and high activity of GC-E even at high Ca2+ concentrations (> 1 tcM) [145] . GCAP-2 dimerization caused by decrease of the intracellular Ca2+ concentration is also reported, and it is suggested that the dimerization of GCAPs might be a mechanism for the GC-E and GC-F activation [145, 146] .
A retina-specific member of the regulator of G protein signaling (RGS) family, RGS9, appears to bind to retinal pGCs and inhibit activity [147] . Since RGS9 is reported to possess GTPase activity, it has been suggested that it hydrolyzes GTP bound to transducin to then accelerate recovery of the photoreceptor response to light [148] . These findings suggest that RGS9 can both accelerate and decelerate restoration of the dark state of photoreceptor cells. RGS9 null mice have a slowed recovery of rod photoreceptor response [149] . Thus, the physiological significance of inhibition of GC activity by RGS9 remains unclear.
D. Other Mechanisms 1. GC-A
Complexes of ANP and GC-A are internalized after ANP binding to GC-A in cultured murine Leydig tumor cells [150] . This could explain a portion of the homologous desensitization of GC-A by ANP. Internalization of ANP-GC-A complexes is also observed in COS-7 cells transiently transfected with a murine GC-A cDNA expression vector [151] . A truncated mutant of GC-A lacking the middle portion of KHD through the C-terminus shows reduced ANP binding efficiency and is not internalized upon ANP-binding when expressed in COS-7 cells [151] . The KHD and cyclase domain appear important for ligand sensitivity and ligand-induced internalization of GC-A.
GC-C
Some studies have suggested that activation of cGMP-PDE (PDE5) or GC-C internalization by STa explain, at least to some extent, the STa-induced refractoriness to subsequent STa stimulation in T84 cells [152, 153] . We have reported a reciprocal antagonism between the CNP/GC-B system and mitogen-signaling pathway in fibroblasts [154] . Marked elevations of intracellular cGMP induced by CNP block the activation of the mitogen-activated protein (MAP) kinase cascade in fibroblasts, and conversely, platelet-derived growth factor (PDGF), basic fibroblast growth factor, serum, and sodium orthovanadate, a potent protein phosphatase inhibitor, rapidly and extensively disrupt GC-B sensitivity to CNP (Fig. 6) .
At the site of a wound, platelets and other cells produce various kinds of mitogens, such as PDGF [155] . It has been shown that CNP secretion from endothelial cells (ECs) is augmented by some kinds of growth factors and cytokines [156] (Fig. 6) . Given that significant amount of CNP is produced by ECs of capillary beds at the site of a wound, proliferation of fibroblasts might be induced by antagonism of mitogens against the CNP/GC-B system. Proliferation and migration of vascular SMCs, which interact with ECs and macrophages, have significant roles in the progression of proliferative vascular lesions such as atherosclerosis and restenosis after a balloon injury caused by coronary angioplasty [157] . Co-culture of ECs with vascular SMCs or with macrophages increases CNP secretion from ECs. The effect of co-culture on CNP secretion can be blocked by antibodies against TGF-,3 or tumor necrosis factor (TNF)-a, suggesting that the co-culture effect is mediated by TGF-~3 (produced by vascular SMCs) or TNF-a (from macrophages) [65, 158] . While vascular SMCs normally exhibit a contractile phenotype and participate in regulation of vascular tone, in proliferative vascular lesions SMCs change into cells of a synthetic phenotype, which actively proliferate and migrate and now express predominantly GC-B instead of GC-A [65]. Upregulation of GC-B expression is also seen in the rat carotid artery after a balloon injury [159] . Moreover, adenovirus-mediated CNP gene transfer causes growth inhibition and re-differentiation in cultured vascular SMCs [160] and prevents restenotic changes after a balloon injury in rat carotid and porcine coronary arteries [161, 162] . It should be noted, however, that CNP levels in the culture media of the adenovirus-transfected vascular SMCs are approximately 4,000-fold greater than normal [160] and that the endogenous CNP/GC-B system cannot halt progression of proliferative vascular lesions even though activated.
In these lesions, TGF-~3 and PDGF are produced by ECs and proliferating vascular SMCs [157, 158, 163] . As mentioned above, TGF-j3 causes down-regulation of GC-B expression in vascular SMCs [117] , and PDGF causes marked desensitization of GC-B, not only in fibroblasts, but also at least in cultured aortic SMCs from rat embryos (A10 cells) [154] (Fig. 6) . The down-regulation and desensitization of GC-B could account for the failure of the endogenous CNP/GC-B system to stop progression of proliferative vascular lesions.
F. Significance of sGC Activity Regulation by
Isoform Switches
Attenuation of NO-induced coronary artery dilatation is caused by prior treatment with NO-releasing agents in patients with ischemic heart diseases [164] . This phenomenon is known as tolerance to NO in the clinical field, and the homologous desensitization of sGC could be an important target.
As mentioned above, sGC exists predominantly as the al/8 heterodimer in vivo. NO-induced cGMP generation in Sf9 or COS-7 cells co-transfected with al and j32 isoforms or with a2 and ii isoforms is about one third of the cells co-transfected with al and j31 isoforms, and it has been reported that the P2 isoform inhibited GC activity of the ai/~31 heterodimer [91, 165] . In kidneys of Dahl salt-sensitive rats, sGC P2 gene expression is increased and that of sGC P1 is repressed compared with Dahl salt-resistant rats [104] . The NO/sGC system is suggested to participate in control of glomerular filtration and tubular reabsorption in the kidney [166, 167] . Increased sGC P2 expression might cause attenuation of signaling through the NO/sGC pathway participating into water and sodium excretion in kidneys of Dahl saltsensitive rats; this may result in sodium retention and blood pressure elevation upon high salt intake.
Gene expression of sGC P2 isoform has been detected by RT-PCR in human gastric carcinoma tissues, while the only isoform of sGC j3 subunit detectable in the normal gastric tissues is the P1 isoform, suggesting that the dominant negative effect of sGC P2 may have a role in tumorigenesis [92] .
A variant of the a2 subunit containing an additional 31-amino acid sequence within the cyclase domain (a2i) is also found in various tissues and cell lines [91] . The a2i subunit competes with the P2 subunit for dimerization with P1 and functions as a dominant negative protein, since the a2i/~31 hetero-dimer had no measurable GC activity [91] . The significance of expression of this rare isoform has not been identified.
V.
Assessment of Physiological Significance of pGCs Through Gene Elimination or Gene Over-expression
Gene deletion of murine GC-A, GC-C, ANP, BNP, and CNP along with transgenic over-expression of ANP and BNP have pointed to some of the fundamental roles of these receptors and ligands in murine physiology [168] [169] [170] [171] [172] [173] [174] [175] [176] .
We focus on the physiological significance of pGCs, especially GC-A and GC-B and their ligands in this section.
A. GC-A Null Mice
Disruption of the GC-A gene causes prominent phenotypes; blood pressure elevation independent of dietary salt intake and marked cardiac hypertrophy with cardiac fibrosis as a function of age [168, 169] . Genetic titration of the GC-A gene decreases systolic blood pressure as a function of GC-A gene copy number; this also suggests an important role of GC-A in blood pressure regulation [177] . Acute volume expansion by intravenous isooncotic solution infusion, which leads to an increase of plasma ANP concentrations, does not cause an increase in water and sodium excretion in GC-A null mice, while it causes significant elevation in wild-type mice [178, 179] . Intravenous ANP infusion also has no diuretic and natriuretic effects in GC-A null mice [178] . These results suggest that the GC-A system is particularly important for the kidney to respond to an acute volume expansion through communication with the "endocrine heart" (Fig. 5) . However, the essential importance appears restricted to conditions of isooncotic volume expansion [179] . On a low-salt diet (0.008% NaCI) GC-A null mice show 1.5-fold higher plasma aldosterone concentrations than wild-type mice, but a high-salt diet (8% NaCI) reduces aldosterone concentrations to under the detectable limit in both genotypes [168] . Plasma renin concentrations in GC-A null mice are reported to be less than one third of those in wild-type mice [169] . It is reported that chronic aldosterone infusion to rats causes hypertension and cardiac fibrosis without activation of renin-angiotensin system [180] . Since ANP inhibits aldosterone secretion from bovine adrenal glomerulosa cells via activation of cGMP-stimulated PDE and a decrease of intracellular CAMP [181] , increased plasma aldosterone due to loss of suppression by the ANP/GC-A system may play a role in blood pressure elevation and cardiac fibrosis in GC-A null mice.
B. GC-A Transgenic Mice
Transgenic mice over-expressing GC-A in cardiac myocytes were generated using a fusion construct between the murine a-myosin heavy chain promoter and murine GC-A cDNA [182] . These mice were then crossed with the GC-A null mice to yield animals expressing GC-A only within the cardiac myocytes. The cardiac myocyte-specific overexpression of GC-A does not alter blood pressure and heart rate, but reduces cardiac myocyte size and ANP expression in both wild-type and GC-A null mice [182] . These data indicate that the GC-A system functions also as a local regulatory system to inhibit cardiac myocyte hypertrophy directly in the ventricle (Fig. 5) .
Multiple focal cardiac myocyte degeneration is observed in hearts of GC-A null mice with cardiac myocyte-specific GC-A over-expression [182] . Reduction of cardiac myocyte hypertrophy without blood pressure decrease appears to cause cardiac damage.
C. ANP Null Mice ANP null mice were once reported to exhibit saltdependent blood pressure elevation; blood pressures of ANP null mice measured by the tail-cuff method were 8 mmHg higher than those of wild-type mice on a standard-salt diet (0.5% NaCI), but mean intra-arterial pressures increased to 23 mmHg above those in wild-type mice on a diet of higher salt concentration (2% NaCI) [172] . The magnitude of intra-arterial blood pressure elevation in ANP null mice, however, was similar to that in GC-A null mice when fed either a low-salt diet (0.008% NaCI) or a high-salt diet (8% NaCI) [183] . Acute intravenous volume expansion caused a decreased diuretic and natriuretic effect in ANP null mice than in wild-type mice when fed the low-salt diet [183] . Cardiac hypertrophy is reported in ANP null mice fed either a high-salt diet (2% NaCI) or a normal-salt diet (-1% NaCI) [172, 184] . The phenotypes of ANP null mice, therefore, are quite similar to those of GC-A null mice. However, cardiac fibrosis, another prominent phenotype of GC-A null mice, is not evident in ANP null mice [172] .
Plasma renin activities appear similar between ANP null and wild-type mice on the low-salt diet, but fail to decrease in response to a high-salt diet in ANP null mice while wild-type mice show a marked reduction [185] . The loss of regulation of renin secretion was speculated as a cause of blood pressure elevation in ANP null mice [ 185] . A high-salt diet (8% NaCI), however, markedly increased diuretic and natriuretic effect of acute volume expansion to the same extent in both ANP null and wild-type mice [183] . The reason why the renin-aldosterone profile is different between ANP null and GC-A null mice remains to be elucidated.
It should be noted that there are no atrial granules observed in ANP null mice [172] . Failure to secrete of other substances included in atrial granules, therefore, could account for a part of the phenotypes observed.
D. ANP Transgenic Mice
ANP transgenic mice with a fusion construct consisting of the murine transthyretin promoter and murine ANP gene exhibit about a 30-mmHg decrease of systolic blood pressure [175] . ANP transgenic mice show 27% reduction in the heart weight and 21% reduction in the total peripheral resistance compared with wild-type mice [186] . ANP is overproduced in the liver and secreted into the circulation in these mice. Thus, the ability of ANP to chronically decrease vascular resistance and blood pressure as a circulating hormone is established by these studies.
Renal excretion of water, Na+, K+, and C1 was similar between ANP transgenic and wild-type mice, whereas it was markedly exaggerated in ANP transgenic mice compared with wild-type mice when receiving acute blood volume expansion [187] . It is speculated that ANP-induced reduction of renal perfusion pressure may be acting as a counter regulatory mechanism in ANP transgenic mice, which is eliminated by acute blood volume expansion [187] .
E. BNP Null Mice BNP null mice exhibit fibrosis and ultrastructural defects (supercontracted sarcomeres and disorganized myofibrils) with marked augmentation of ANP expression in the ventricle, but do not show systemic blood pressure elevation or cardiac hypertrophy [173] . There are no significant differences in serum Na+, K+, Cl-, and aldosterone concentrations and plasma renin activities between BNP null and wildtype mice [173] . Atrial granules are intact in BNP null mice [173] . Upon ventricular pressure overload by an aortic constriction, focal fibrotic changes in the ventricle are worsened in BNP null mice with no fibrotic changes in wild-type mice [173] .
Studies on GC-A null, GC-A null/GC-A transgenic, ANP null, and BNP null mice suggest a new concept, that being that ANP and BNP play complementary roles in regulation of cardiovascular homeostasis through GC-A.
ANP regulates blood pressure and water-electrolyte balance as an endocrine factor, and the local ANP/GC-A system appears to inhibit cardiac myocyte hypertrophy directly. In contrast, BNP functions as a ventricular local regulator to protect the heart from myocyte damages and fibrosis, which cannot be substituted by ANP even when ANP expression is markedly increased [173] (Fig. 5 ).
F. BNP Transgenic Mice
Transgenic mice over-expressing BNP were generated using a fusion construct between the human serum amyloid P component promoter and murine BNP gene; BNP is overproduced in the liver and circulating BNP concentration is increased [176] . BNP transgenic mice have blood pressure decreases of 2O'-3O mmHg and a 30% reduction in heart-tobody weight ratio [176, 188] , and surprisingly, exhibit skeletal overgrowth due to high-turnover endochondral ossification [189] . Disruption of the GC-A gene in BNP transgenic mice by crossing with GC-A null mice, abolishes the cardiovascular phenotypes, but fails to eliminate the skeletal phenotype or cGMP elevations in bone [188] . These results suggest that BNP exerts its cardiovascular effects exclusively through GC-A, but stimulates endochondral ossification through a GC-coupled receptor(s) other than GC-A. TAMURA et al.
BNP null mice do not show skeletal abnormalities [173] and BNP expression is not detectable in bone [189] , indicating that BNP is not an endogenous regulator of endochondral ossification.
G. CNP Null Mice CNP null mice exhibit severe dwarfism as a result of impaired endochondral ossification [174] . Proliferation and differentiation of chondrocytes in the proliferative and pre-hypertrophic zones of the growth plate, where CNP and GC-B transcripts are expressed, are markedly reduced in CNP null mice [174] . Cyclic GMP concentrations in tail bones of CNP null mice are less than 40% of those of wildtype mice, suggesting that CNP is a major determinant of cGMP concentrations in the long bone [174] . The dwarfism of CNP null mice is completely rescued by targeted over-expression of CNP in the growth plate chondrocytes under the control of the murine pro-al(II) collagen promoter [174] . It has been shown that CNP is secreted from primary cultures of chondrocytes [190] (Fig. 6) . GC-B is highly expressed in an organ culture system of the fetal mouse tibia, and added CNP increases total longitudinal length of the tibia! explants with enhancement of endochondral ossification in a cGMP-dependent manner [73] (Fig. 6) . Consistent with an important role of cGMP in bone growth, dwarfism has been observed in mice lacking cGKII, which is expressed and suggested to mediate the downstream signaling of cGMP in chondrocytes in the growth plate of long bones [191] . Taken together, it is suggested that the CNP/GC-B/cGKII system is important for normal endochondral ossification and skeletal growth.
Recently, it has been reported that NPR-C null mice show also skeletal overgrowth similar to BNP transgenic mice [192] . Three different loss-of-function mutations in the murine NPR-C gene result in skeletal overgrowth [193] . In these mutant mice, a decrease in endogenous CNP clearance by NPR-C appears to activate the CNP/GC-B pathway. Now, phenotypes of CNP null and NPR-C null mice provide us two scenarios for skeletal overgrowth of BNP transgenic mice; BNP at high concentration cross-activates GC-B in the growth plate, and competes with CNP for binding to NPR-C, resulting in decreased endogenous CNP clearance and indirect activation of GC-B.
More than one-half of CNP null mice die before maturation [174] . The cause of early death has not been fully elucidated, but targeted over-expression of CNP in the growth plate of CNP null mice results in prolonged survival and recovery of skeletal growth. Thus CNP null mice appear short-lived because of the skeletal abnormalities [174] . The CNP/GC-B signaling pathway has been proposed to play a normal role in the regulation of proliferation and migration of vascular SMCs in proliferative vascular lesions [158] [159] [160] [161] [162] [163] 194] . CNP null mice, however, have no apparent cardiovascular abnormalities [174] .
H. GC-C Null Mice
Disruption of the GC-C gene results in resistance to pathogenic bacteria that secrete STa and cause acute secretary diarrhea [170, 171] . GC-C null mice display no prominent abnormal phenotypes in a disease-free, highly controlled environment; intestinal digestive fluid secretion is not disrupted, and high carbohydrate, fat, protein, or salt diets do not adversely affect the null mice [170, 171] .
In enterocytes of the intestinal villi, intracellular cGMP elevation caused by STa binding to GC-C stimulates cGKII, leading to phosphorylation and activation of cystic fibrosis transmembrane conductance regulator (CFTR), which promotes massive intestinal fluid secretion and diarrhea [195] . Mice deficient in cGKII are resistant to STa [191] , and a report indicates that CFTR null mice show lesser responses to STa than wild-type mice [196] . These reports have established that the GC-C/cGKII/ CFTR pathway is responsible for the STa-induced diarrhea.
It has been indicated that guanylin and uroguanylin, which are reported as endogenous ligands for GC-C, appear to be natriuretic peptides released from the gut [197] . GC-A null mice can increase water and sodium excretion indistinguishably from wild-type mice in response to volume expansion through the gut [179] , raising the possibility that a water-electrolyte regulatory system independent from the ANP/GC-A system exists in the gut. GC-C null mice, however, do not show blood pressure elevations [170] .
Diarrhea resulting from infection with E. coli is an important health problem, especially in developing countries, and is a leading cause of mortality amongst infant animals including the human [198] . Yet, animals defective in the GC-C signaling pathway appear normal except for resistance to STa-induced diarrhea.
The normal function of this signaling pathway, therefore, remains an enigma. It is assumed that whatever the functions are, they are important enough to withstand the diarrhea-induced evolutionary pressure to disrupt the pathway by mutations in GC-C.
I. GC-E Null Mice
In GC-E null mice, the retinal morphology is normal.
However, a decrease in the number of cone photoreceptors occurs as mice age [199] . Rod photoreceptors appear to remain normal [199] . Recently, mutations in the GC-E gene have been identified in human retinopathies.
Missense and frame-shift mutations in the human GC-E gene are associated with Leber's congenital amaurosis (LCA), in which early-onset, widespread degeneration of rod and cone photoreceptors occurs [200] . A dominant form of cone-rod dystrophy (CORD6) is associated with GC-E mutations in humans [201] , and a naturally occurring null mutation in the chick GC-E gene causes autosomal recessive retinal degeneration [202] . These findings are related to the phenotype of GC-E null mice [199] . In addition, a constitutive-active mutation in the human GCAP-1 gene (Y99C) results in an autosomal dominant cone dystrophy [203] . GCAP-1 with this mutation can make GC-E active even upon high Ca2+ concentrations (> 1 tiM) [145] . Taken together, the signaling through GC-E is essential for the normal retinal function.
J. Other Single Transmembrane Segment Forms
A subset of olfactory neurons selectively expresses a cGMP-stimulated PDE (PDE2), GC-D, and a subunit of a cGMP-gated channel identified in cone photoreceptors, while they do not show detectable expression of players known to be important in odorant sensing in other olfactory neurons, Golf, type III adenylyl cyclase, and the olfactory cyclic nucleotide-gated channel (OCNC) [82, 204, 205] . This subset of neurons also appears to innervate atypical glomeruli in the olfactory bulb known as necklace glomeruli [82, 204] . Only the necklace glomeruli express tyrosine hydroxylase reflecting afferent activities in mice lacking OCNC1, a subunit of the OCNC [206] . These observations suggest that GC-D is important to sense a particular subset of odorants or pheromones.
GC-F, another photoreceptor pGC, is expressed from the gene on the X chromosome, but that region of X is not associated with any known visual disease.
Perspectives
Although genetic models coupled with tissue and cellular studies are beginning to reveal the broad role of the guanylyl cyclases in biology, we continue to know little about regulation at the molecular level. A variety of growth factors rapidly desensitize at least some of the cyclase receptors, but the pathway(s) by which this occurs remains unknown, as does the physiological relevance. The protein kinases and protein phosphatases that appear to play a critical role in dictating ligand sensitivity have not been identified. Four single transmembrane forms remain orphan receptors. The multiple transmembrane forms are likely regulated, but is it through direct interactions with ligands or more akin to the adenylyl cyclases regulated by an intermediate Gprotein? The soluble cyclases contain a R2 subunit with a consensus isoprenylation site. The presumed partner for this subunit remains unknown. Even at the animal level, there remain major questions. Elimination of the gene for GC-C has yielded a paradoxical phenotype of STa-resistant, but otherwise normal mice. Quite clearly the stress required to reveal a phenotype is not being provided in the animal care facility. GC-A null mice have much larger than expected hearts. Although local regulation of myocyte size or number may explain the larger hearts in part, this does not seem to be the full answer.
Medically, the various cyclase receptors appear to represent important targets for intervention.
Understanding the regulation of these receptors at the molecular level should reveal a large list of other potential sites for therapeutic intervention as well. 
